The inflammatory response is necessary for the host's defense against pathogens; however, uncontrolled or unregulated production of eicosanoids has been associated with several types of chronic inflammatory diseases. Thus, it is not surprising that enzymes implicated in the production of eicosanoids have been strategically targeted for potential therapeutic approaches. The 12(S)-hydroxyeicosatetraenoic acid [12(S)-HETE] lipid mediator is among inflammatory molecules that are abundantly produced in various diseases and is primarily biosynthesized via the 12(S)lipoxygenase pathway. The effects of the abundance of 12(S)-HETE and its contribution to several chronic inflammatory diseases have been well studied over the last few years. While most developed compounds primarily target the 5-lipoxygenase (5-LO) or the cyclooxygenase (COX) pathways, very few compounds selectively inhibiting the 12-lipoxygenase (12-LO) pathway are known. In this study, we examined whether the distribution of hydroxyl groups among flavones could influence their potency as 12-LO inhibitors. Using human platelets, the human embryonic kidney 293 (HEK293) cell line expressing 5-LO, and human polymorphonuclear leukocytes (PMNLs) we investigated the effects of these compounds on several inflammatory pathways, namely, 12-LO, 5-LO, and COX. Using high-resolution respirometry and flow cytometry, we also evaluated some normal cell functions that could be modulated by our compounds. We identified a peracetylated quercetin (compound 6) that exerts potent inhibitory activity toward the platelet 12-LO pathway (IC 50 5 1.53 mM) while having a lesser affinity toward the COX pathway. This study characterizes the peracetylated quercetin (compound 6) as a more selective platelet-type 12-LO inhibitor than baicalein, with no measurable nontargeted effects on the platelet's activation or overall cell's oxygen consumption.
Introduction
Inflammatory lipid mediators are essential in coordinating the various steps of the inflammatory response. While the response is critical for the host's defense against pathogens, uncontrolled or unregulated production of these lipid mediators have been associated with chronic inflammatory diseases such as arthritis (Chen et al., 2006 (Chen et al., , 2008 Giera et al., 2012) , cardiovascular diseases (Cyrus et al., 1999; Mehrabian et al., 2002) , asthma (Leff et al., 1998) , and several types of cancer (Honn et al., 1994; Ding et al., 2001; Sarveswaran et al., 2015) . The 12(S)-hydroxyeicosatetraenoic acid [12(S)-HETE] lipid mediator is among these inflammatory molecules abundantly found in various diseases (reviewed in Porro et al., 2014) and is primarily biosynthesized via the 12-lipoxygenase (12-LO) pathway. The 12-LO is highly expressed in blood platelets (Funk et al., 1990) and catalyzes the bioconversion of arachidonic acid into 12-hydroperoxy-5,8,10,14-eicosatetraenoic acid, which is then immediately reduced to 12(S)-HETE (Hamberg and Samuelsson, 1974) . While other inflammatory lipid mediators such as leukotrienes and prostaglandins have been extensively studied in numerous inflammatory diseases, the role of 12(S)-HETE remains somewhat elusive (reviewed in Porro et al., 2014) . However, 12(S)-HETE has been linked to several types of inflammatory diseases. For instance, 12(S)-HETE promotes the horizontal transfer of bioactive content between cells in the synovial fluid of rheumatoid arthritis patients (Duchez et al., 2015) , increases the formation of fatty lesions in a murine model of atherosclerosis (Cyrus et al., 1999) , stimulates cancer cell proliferation (Ding et al., 2001) , increases prostate tumor cell invasion (Liu et al., 1997) , and enhances melanoma progression (Kang et al., 2013) in several types of cancer.
Since chronic inflammation is the foundation and a key manifestation for various inflammatory diseases, it is not surprising that enzymes implicated in the production of eicosanoids have been strategically targeted for potential therapeutic approaches (Liu et al., 1996; Leff et al., 1998; Nelson et al., 2007; Tardif et al., 2010) . While most developed compounds primarily target the 5-lipoxygenase (5-LO) or the cyclooxygenase (COX)-1 or COX-2 pathways, very few compounds have been designed to selectively inhibit the 12-LO pathway. Given the abundance and physiologic importance of 12(S)-HETE in several inflammatory diseases, it is surprising that this enzyme has not been the focus of more pharmacological targeting.
Among the compounds that have generated interest in the field of eicosanoid inhibitors are naturally occurring polyphenols including the flavonoids, a class of bioactive plant compounds that exhibit several beneficial properties including antiinflammatory and antioxidant capacities, and even decrease some cardiovascular risks (Werz, 2007; Boudreau et al., 2012 Boudreau et al., , 2017 Macready et al., 2014) . These compounds are integrated naturally into our daily diet by consumption of various plants (i.e., berries, citrus fruits, and celery) (Pérez-Cano and Castell, 2016) . Recent studies have shown that flavonoids and some newly designed structural analogs can decrease the production of inflammatory lipid mediators by inhibiting several inflammatory enzymes including 5-LO (Werz, 2007; Boudreau et al., 2012) , 12-LO (Sekiya and Okuda, 1982; Boudreau et al., 2017) , as well as COX-1 and COX-2 (Ribeiro et al., 2015) . Among the flavonoids, flavones are a subgroup of polyphenolic compounds widely distributed in fruits and vegetables. Previous studies have reported activities of flavones as antiinflammatory, anticancer, and antioxidant agents (Ferrándiz and Alcaraz, 1991; Cárdenas et al., 2006) . Among the flavones, baicalein is the chosen compound for most 12-LO inhibition studies (Deschamps et al., 2006; Xu et al., 2013) , but has never been used in clinic as a therapeutic approach for inflammatory diseases, in part due to its nonspecificity toward other lipoxygenases (Deschamps et al., 2006; Lapchak et al., 2007) . Hence, the overall objective of this study is to search for better naturally occurring products that may exhibit more potent beneficial properties and more specific effects on the platelet-derived 12-LO pathway than baicalein. Consequently, these novel 12-LO pathway inhibitors may be used as reference compounds, instead of baicalein, in future studies investigating the roles of 12-LO-derived products in the inflammatory response involving platelets.
In this study, we examined whether the distribution of hydroxyl groups among flavones could influence their potency as 12-LO pathway inhibitors. The effects of the selected flavones are compared with caffeic acid phenethyl ester (CAPE) (compound 5), a natural polyphenolic compound that has anti-inflammatory effects by inhibiting 5-LO (Boudreau et al., 2012; Tolba et al., 2013) . In addition, we investigated the specificity of these compounds for the platelet-derived 12-LO pathway by evaluating the compound's ability to inhibit other inflammatory enzymes such as 5-LO and COX-1.
Materials and Methods
Study Compounds. Figure 1 shows the various flavonoids that are the object of this study. The structure of these naturally occurring compounds varies based on the distribution of hydroxyl groups. CAPE (compound 5) was included as a polyphenol reference standard with known inhibitory activity against lipoxygenases (Boudreau et al., 2012; Tolba et al., 2013) . Additionally, we performed acetylation and methylation of the phenolic hydroxyls of quercetin (compound 3) ( Fig. 2 ), generating compounds (compounds 6-8), to investigate the effect of removal of hydroxyl groups on the inhibitory activity. Such modifications can improve the bioavailability and stability of polyphenolic compounds (De Clercq and Field, 2006) .
Acetylated and Methylated Quercetin Analog Synthesis. Pentaacetylquercetin [2-(3,4-diacetoxyphenyl)-4-oxo-4H-chromene-3,5,7-triyl triacetate] (compound 6) was synthesized and purified, according to a published procedure (Picq et al., 1982) , from quercetin and acetic anhydride. Even with an excess of 10 equivalents of iodomethane, only retusin [(2-(3,4-dimethoxyphenyl)-5-hydroxy-3,7-dimethoxy-4Hchromen-4-one] (compound 7) was obtained after purification by flash chromatography . Penta-O-methylquercetin (compound 8) was obtained with a large excess of iodomethane after purification by flash chromatography (Moalin et al., 2011; Cormier et al., 2017) .
Platelet Isolation. Platelets were isolated as previously described (Boilard et al., 2011) . Briefly, whole blood was collected from healthy consenting volunteers in tubes containing citrate dextrose as an anticoagulant and then centrifuged at 500g for 10 minutes. Platelet-rich plasma was isolated and centrifuged at 400g for 2 minutes at room temperature. The supernatant was then centrifuged at 1300g for 10 minutes to pellet platelets. Cells were resuspended in Tyrode Buffer pH 7.4 (134 mM NaCl, 2.9 mM KCl, 0.34 mM Na 2 HPO 4 , 12 mM NaHCO 3 , 20 mM HEPES, 1 mM MgCl 2 , 5 mM glucose, and 0.5 mg/ml bovine serum albumin) at 10 8 cells/ml in the presence of 5 mM of CaCl 2 .
Biosynthesis and Analysis of 12-LO and COX-1 Products. The isolated platelets were preincubated (10 8 cells/ml) with the various compounds [or dimethylsulfoxide (DMSO) as the control] at 37°C for 5 minutes. Stimulation was then initiated with the addition of 0.5 U/ml of thrombin (Sigma-Aldrich, Oakville, ON) and 10 mM of exogenous arachidonic acid (Cayman Chemical, Ann Arbor, MI) followed by 15 minute incubation at 37°C. The reactions were stopped with the addition of three volumes of cold MeOH:MeCN (1:1) containing prostaglandin B 2 [(PGB 2 ), 100 ng/ml] as the internal standard. Samples were then stored at 220°C overnight and centrifuged at 300g the following day to collect the supernatant containing 12-LO and COX-1 products. The supernatant was then evaporated under nitrogen gas and the sample was resuspended in 30% (v/v) methanol and analyzed by reversed-phase high-performance liquid chromatography (RP-HPLC), as previously described (Robichaud et al., 2016; Boudreau et al., 2017) . Briefly, samples were injected onto an Agilent 1100 HPLC equipped with an Oasis HLB online cartridge column (3.9 Â 20 mm, 15 mm particle size; Waters, Milford, MA) for in-line extraction using 0.1% acetic acid as the mobile phase at a flow rate of 3 ml/min for 3 minutes. The solvent was then changed over 0.1 minute to solvent A (54% water: 23% methanol, 23% acetonitrile, and 0.0025% H 3 PO 4 ), and a Rheodyne valve was switched to direct the flow to a Chromolith High Resolution RP-18 end-capped column (100 Â 4.6 mm) (EMD Millipore, Burlington, MA) at a flow rate of 2.2 ml/min. After 5.11 minutes, the mobile phase was then changed to 85% solvent A and 15% solvent B (5% water, 32% methanol, 63% acetonitrile, and 0.01% H 3 PO 4 ) for 1 minute, followed by a linear gradient to 55% solvent A and 45% solvent B over the next 0.3 minutes and held at that proportion for an additional 1.3 minutes. The gradient was then changed in a linear fashion to 30% solvent A and 70% solvent B over a 1.3-minute period and held for an additional 1.3 minutes at which time the mobile phase was changed to 100% solvent B over 0.2 minutes and held for 3.5 minutes. Peaks were quantified by absorbance at 236 and 270 nm using a diode array detector.
Biosynthesis of 5-LO Products in Human Embryonic Kidney 293 Cells. Human embryonic kidney 293 (HEK293) cells expressing both 5-LO and the 5-LO activating protein were generated by stable transfection as previously reported (Allain et al., 2015) . For 5-LO product analysis, stably transfected HEK293 cells were collected following trypsinization and washed twice with Hanks' balanced salt solution (Lonza, Basel, Switzerland). Subsequently, the cell pellet was resuspended in Hanks' balanced salt solution containing 1.6 mM CaCl 2 at a concentration of 10 6 cells/ml. Cells were preincubated with each compound at 1 mM for 5 minutes at 37°C prior to stimulation for 15 minutes at 37°C with the addition of 10 mM calcium ionophore A23187 (Sigma-Aldrich) and 40 mM arachidonic acid (Cayman Chemical) (Gerstmeier et al., 2014; Allain et al., 2015; Boudreau et al., 2017) . Stimulations were stopped by adding 0.5 volume of cold MeOH: MeCN (1:1) containing 100 ng/ml of PGB 2 as internal standard. Samples were then processed, and 5-LO products were quantified by RP-HPLC, as described previously in Biosynthesis and Analysis of 12-LO and COX-1 Products.
Polymorphonuclear Leukocyte Stimulation for Analysis of 5-LO Product Biosynthesis. Human polymorphonuclear leukocytes (PMNLs) were isolated from peripheral blood as previously described (Chouinard et al., 2013) . Briefly, blood was centrifuged (250g for 17 minutes) to remove the platelet-rich plasma. Following sedimentation of erythrocytes with 6% dextran, mononuclear cells were discarded by centrifugation on a discontinuous gradient using lymphocyte separation medium cushions. Residual erythrocytes were then eliminated from the PMNL pellet by hypotonic lysis using water.
For stimulation of 5-LO product biosynthesis, PMNLs were prewarmed at 37°C in a suspension of Hanks' balanced salt solution containing 1.6 mM CaCl 2 at 10 7 cells/ml. Adenosine deaminase (0.3 U/ml; Sigma-Aldrich) was added to cells 10 minutes prior to stimulation to eliminate the inhibitory effects of extracellular adenosine (Krump et al., 1997) . PMNLs were also preincubated for 5 minutes with different concentrations of zileuton, baicalein (compound 1), quercetin (compound 3), and compound 6. The 5-LO product biosynthesis was initiated with the addition of 1 mM thapsigargin and 10 mM arachidonic acid. After 15 minutes, incubations were stopped with the addition of 0.5 volume of cold stop solution (MeOH/MeCN; 1/1; v/v) containing 19-OH-PGB 2 and PGB 2 as internal controls and then transferred to a cold water bath. Finally, samples were stored at 220°C overnight to facilitate protein precipitation until RP-HPLC analysis as described in Biosynthesis and Analysis of 12-LO and COX-1 Products.
Measurement of Arachidonic Acid Release. Isolated platelets (10 7 cells/ml) were incubated at 37°C for 5 minutes and then stimulated with thrombin (0.5 U/ml) as described previously. Reaction was stopped after 5 minutes by the addition of two volumes of cold methanol containing 300 ng of octadeuterated arachidonic acid (Cayman Chemical) as an internal standard. Samples were stored at 220°C overnight and centrifuged at 1000g for 10 minutes. Supernatants were diluted with eight volumes of acidified water for processing on preconditioned HyperSep C18 solid phase extraction cartridges (Thermo Fisher Scientific, Waltham, MA). Samples were washed with 2 ml of acidified water and eluted with 3 ml of methanol, dried under N 2 gas, and pentafluorobenzylesters were prepared by adding 50 ml of N,N-diisopropylethylamine (20% in CH 3 CN) (Sigma-Aldrich) and 50 ml of 2,3,4,5,6-pentafluorobenzyl bromide (20% in CH 3 CN) (Sigma-Aldrich) (Surette et al., 1996; Boudreau et al., 2012) . Solutions were heated at 40°C for 40 minutes, dried under N 2 gas, resuspended in 100 ml hexane, and pentafluorobenzyl esters were analyzed by gas chromatography/mass spectrometry using a Thermo Trace GC equipped with a BPX70 column (SGE Analytical Science, Austin, TX) coupled to a Polaris Q mass spectrometer (Thermo Fisher Scientific). Injector temperature was set to 250°C with helium carrier gas at 1 ml/min. Oven temperature on injection was set to 185°C and ramped to 205°C at 3°C/min followed by a ramp to 255°C at 5°C/min with a 2-minute hold. Ions were generated by negative chemical ionization using methane (1.0 ml/min) as the reagent gas, with the ion source temperature set to 180°C, and helium damping gas (0.3 ml/min). Arachidonic acid and octadeuterated arachidonic acid were identified according to their respective retention times and molar masses (as carboxylates). 
Flavonoids Suppress the Platelet 12-LO Pathway
Free Radical Scavenging Activity. The free radical scavenging activity of the test compounds was assessed by 2,2-diphenyl-1picrylhydrazyl (DPPH) free radical assay as previously described (Boudreau et al., 2012; Doiron et al., 2014) . Samples (powder form) were first resuspended in ethanol, and then mixed with the stable free radical DPPH in an ethanol solution. The mixture was prepared by mixing 200 ml of the ethanol DPPH solution (250 mM) with 200 ml of the test compound (ethanol as diluent) at the indicated concentration. Each tube's content was shaken vigorously, held in the dark for 30 minutes, and the absorbance was subsequently measured at 517 nm with a multiplate reader (Thermo Fisher Scientific VarioSkan spectrophotometer). DPPH solution in ethanol served as the control, and ethanol as a blank. The radical scavenging activity of the test compounds was calculated using the following formula,
where A control is the absorbance of the control and A test is the absorbance of the test compound.
Platelet Activation. Platelets were isolated as mentioned previously and immediately preincubated (10 8 cells/ml) in the presence of the various compounds (10 mM or DMSO as control) at 37°C for 5 minutes. To determine if the test compounds activated the platelets, each sample (1 ml) was then labeled with 1 ml of FITC anti-human CD62P (P-Selectin; BioLegend, San Diego, CA) in 98 ml of phosphatebuffered solution (Lonza) for 15 minutes in the dark. After the incubation, 500 ml of phosphate-buffered solution was added to each sample. Platelets labeled with anti-CD62P but incubated in the absence of DMSO (Sigma-Aldrich) were tested as a no-activation control. Autofluorescence and isotype controls were done using a pooled sample. Positive control was obtained after incubating platelets for 15 minutes in the presence of 0.5 U/ml of thrombin. Samples were then processed for flow cytometry analysis (FC500; Beckman Coulter, Brea, CA).
Molecular Docking. The molecular docking protocol was adapted from Nuñez et al. (2017) . The studied compounds where docked into multiple crystal structures of five different lipoxygenases, see Table 1 , with the help of Autodock Vina (Trott and Olson, 2010) . Autodock Vina was also used to calculate the affinities of the molecules. It should be noted that while a structure of human 12-LO [Protein Data Bank (PDB) id: 3D3L; https://www.rcsb.org] is available, around 90 residues are missing per chain, including important residues for the active site. Because of this, a soybean 15-secondLOX (15-LO) (lipoxygenase-3, PDB: 1N8Q) was taken as the main protein for study since it is considered acceptable for 12-LO and 15-LO studies (Wecksler et al., 2009; Nuñez et al., 2017) . The other proteins were mostly used as validation for the usage of the 15-secondLOX. The histidine residues coordinating the iron atom were considered flexible. Before docking, the compounds were minimized with the MMFF94 force field. The configuration for the docking was as follows: all proteins had their water deleted and structures aligned to 3O8Y; the grid had a size of (30, 20, 30) and the center was positioned at (4.049, 21.347, 20.284), both represented in (x, y, z); and exhaustiveness was set to "8" and the seed was set to "1." For 1N8Q, specifically with baicalein (compound 1) and CAPE (compound 5), a revised grid of (19, 14, 21) and a center point of (20.4, 25.58, 22.49 ) was chosen. Analysis and generation of images was done with the help of Maestro and LigPlot1 (Laskowski and Swindells, 2011) .
High-Resolution Respirometry. Mitochondrial oxygen consumption of platelets was assessed using a high-resolution respirometer (Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria) as previously described (Bynum et al., 2016) . Briefly, platelets were isolated as mentioned previously and resuspended at 10 8 cell/ml in mitochondrial respiration medium MiR05 (0.5 mM EGTA, 3 mM MgCl 2 , 60 mM K-lactobionate, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM D-sucrose, and 1 g/l bovine serum albumin, pH 7.1) (Gnaiger and Kuznetsov, 2002) .
After air-saturation oxygen calibration at 37°C was performed, platelets were added in the oxygraph. The routine respiration (or basal) was determined as the basal state of mitochondrial oxygen consumption. Injection of the different compounds (15 mM) or DMSO (control) into the oxygraph was then performed, before the leak state was obtained by inhibiting complex V with 2 ml/ml Oligomycin (Sigma-Aldrich). Serial titrations using the uncoupler carbonyl cyanide-p-trifluoromethoxyphenylgydrazone (1 mM steps; Sigma-Aldrich) were then performed to determine the maximal O 2 consumption/electron transport system (ETS) capacity. Subsequently, rotenone (0.1 mM; Sigma-Aldrich) and antimycin A (2.5 mM; Sigma-Aldrich) were added to respectively inhibit complexes I and III, and thus determine the residual oxygen consumption, which corresponds to nonmitochondrial oxidative side reactions. The residual oxygen consumption value was subtracted from the previous mitochondrial respiration rates (Pesta and Gnaiger, 2012) . From these corrected respiration rates, the ETS coupling efficiency (i.e., 1 2 leak/ETS) was used as a control ratio, representative of the mitochondrial coupling. An ETS coupling efficiency of 0.0 expresses a zero coupling (leak 5 ETS) and 1.0 is the limit of a fully coupled system (leak 5 0) (Gnaiger, 2012) .
Statistical Analysis. Data, graphics, and tables are presented as mean 6 S.D. Data were analyzed using GraphPad Prism software (version 7.0; GraphPad Software Inc., La Jolla, CA). The IC 50 values were calculated from a sigmoidal concentration-response curvefitting model and are expressed as the mean with 95% confidence intervals. All other data are expressed as mean 6 S.D. One-way analyses of variance with the indicated multiple comparisons test were performed on completely randomized designs to determine a significant difference.
Results
Inhibition of Platelet-Type 12(S)-HETE Biosynthesis.
In the first series of experiments, we performed a screening of flavonoid compounds as potential inhibitors of the 12-LO pathway. Freshly isolated human platelets were preincubated in the presence of the indicated compound or vehicle (DMSO), and then stimulated with thrombin (0.5 U/ml) and exogenous arachidonic acid (10 mM) to initiate 12(S)-HETE biosynthesis as previously described (Boudreau et al., 2017) . By adding exogenous arachidonic acid in our experimental design, we eliminated the constraint that our compounds may impact arachidonic acid release from cell membranes (Rossi et al., 2010;  Boudreau et al., 2012) , thus decreasing the substrate availability in platelets. Of all the compounds tested, quercetin (compound 3), a quercetin derivative (compound 6), baicalein (compound 1), and CAPE (compound 5) significantly inhibited 12(S)-HETE production at 1 mM (Fig. 3A) . Based on the fact that the primary objective of this study was to identify selective inhibitors of the 12-LO pathway, only these compounds were selected for subsequent characterization. We then performed a series of dose-response experiments in human platelets to determine the IC 50 values associated with each compound. All compounds had low IC 50 values; however, none of the compounds tested were significantly more potent than another ( Fig. 3B; Table 2 ). These results demonstrate that quercetin and its derivative, compound 6, are potent inhibitors of the 12(S)-HETE pathway with similar potency as our reference compounds, baicalein (compound 1) and CAPE (compound 5).
Inhibition of COX-1 Product Biosynthesis in Platelets. Having confirmed that baicalein (compound 1), quercetin (compound 3), CAPE (compound 5), and compound 6 inhibited 12(S)-HETE biosynthesis, we then evaluated whether other platelet-derived eicosanoid inflammatory pathways could be targeted by our compounds. An important eicosanoid metabolite abundantly produced by platelets is thromboxane A 2 , a potent stimulator of platelet aggregation (Narumiya, 2003) , generated via the COX-1 pathway. While thromboxane A 2 cannot be quantified by standard RP-HPLC methods, measurement of 12-hydroxyheptadecatrienoic acid (12-HHT), which is produced in equimolar quantities with thromboxane A 2 , can be used for the quantification of platelet-derived COX products by RP-HPLC (Okuno et al., 2008) . Freshly isolated platelets were preincubated at various concentrations of test compounds, and then 12-HHT biosynthesis was initiated with the addition of thrombin (0.5 U/ml) and exogenous arachidonic acid (10 mM). Interestingly, compound 6 was the only molecule for which an IC 50 value could not be obtained at the tested concentrations. On the other hand, baicalein (compound 1), quercetin (compound 3), and CAPE (compound 5) all inhibited 12-HHT biosynthesis with IC 50 values in the low micromolar range at doses of 9.92, 2.91, and 3.79 mM, respectively ( Fig. 4 ; Table 3 ). These results demonstrate the selectivity of compound 6 for the 12(S)-HETE biosynthesis pathway in human platelets when compared with the other test compounds, including the well-known 12-LO inhibitor baicalein (compound 1).
Arachidonic Acid Release. Having established that compound 6 is a more selective inhibitor of the 12-LO pathway in human platelets than the other compounds tested in this study, we then investigated the potential underlying mechanisms. Since flavonoids and other lipoxygenase inhibitors have shown some ability to inhibit the release of arachidonic acid from the cellular membranes in human PMNLs (Rossi et al., 2010; Boudreau et al., 2012 Boudreau et al., , 2017 Meirer et al., 2014) , we evaluated whether compound 6 could also interfere with arachidonic acid release in human platelets, thus limiting the cellular production of 12(S)-HETE. Interestingly, we found that each of our tested compounds did not interfere with arachidonic acid release in human platelets (Fig. 5) . These results suggest that, in human platelets, compound 6 does not limit the substrate availability for the 12-LO pathway. In all experiments, the range of arachidonic acid:octadeuterated arachidonic acid isotope dilutions was from 0.2:1 to 0.01:1.
Free Radical Scavenging Assay. Having confirmed that our compounds do not affect arachidonic acid release in platelets, another possible mechanism involved in the inhibitory effect of compound 6 could be attributed to superior antioxidant capacities. Since 12-LO catalyzes the oxidation of the 12th carbon on the arachidonic acid, any compound with Human platelets were isolated from blood and preincubated with the indicated compound at 37°C for 5 minutes. Cells were then stimulated with thrombin (0.5 U/ml) and arachidonic acid (10 mM) at 37°C for 15 minutes. RP-HPLC quantification of the 12-LO product [12(S)-HETE] was performed as previously described (Boudreau et al., 2017) . (A) Initial screening of compounds (1 mM) and (B) subsequent dose-response experiments for compounds demonstrating 12-LO product biosynthesis inhibition higher than 40% of control (DMSO). Results are expressed as the mean 6 S.D. of three independent experiments, each performed in duplicate. Values are statistically different from DMSO control (*P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001) as determined by one-way analysis of variance followed by Dunnett's multiple comparisons test. Flavonoids Suppress the Platelet 12-LO Pathway antioxidant properties could interfere in 12(S)-HETE biosynthesis, which is the case for baicalein (compound 1) (Lapchak et al., 2007) . However, as shown in Fig. 6 and Table 4 , compound 6 was the only tested compound without significant free radical scavenging capacity at the tested concentration. In contrast, baicalein (compound 1), quercetin (compound 3), and the well-known antioxidant compound ascorbic acid were potent free radical scavengers. These results indicate that compound 6 does not exhibit antioxidant properties at the tested concentrations. Molecular Docking. Having confirmed that compound 6 does not interfere with the oxidant activity of the 12-LO enzyme, we investigated whether this compound directly interacts with the enzyme. Molecular docking was completed on the five proteins with the ligands listed in Table 1 . In general, the soybean 15-LO-B (PDB: 1N8Q) had the largest affinity values of the five proteins tested. For the five tested molecules, the average affinity was 0.3 kcal/mol. CAPE (compound 5) had the lowest affinity with 25.4 kcal/mol (Table 5) , although it had slightly better affinity with the remaining four proteins, with average values of approximately 28.3 kcal/mol. Of the tested molecules, CAPE (compound 5) averaged the best affinity across the five proteins. As seen in Table 5 , CAPE (compound 5) had four hydrogen bonds with soybean LO (PDB: 1N8Q), 2 with Ser510 and 2 with Arg426. CAPE (compound 5) also had p-p interactions with His518 and Phe576, as was the case with most of the other tested molecules.
The compound 6 is an interesting case. With 15-LO-B (PDB: 1N8Q), it scored the highest affinity with 8.8 kcal/mol, while simultaneously scoring the lowest affinity with 28.8 kcal/mol for 12S-LO (PDB ID: 3D3L) and having a subpar affinity for the remaining proteins. It did a hydrogen bond similar to that Human platelets were isolated from human blood of healthy consenting volunteers and preincubated with the indicated compounds at 37°C for 5 minutes. Cells were then stimulated with thrombin (0.5 U/ml) at 37°C for 5 minutes. Reaction was stopped with the addition of two volumes of cold methanol containing octadeuterated arachidonic acid as an internal standard and processed by gas chromatography/mass spectrometry as previously described (Boudreau et al., 2012) . Results are expressed as the mean 6 S.D. of three independent experiments, each performed in duplicate. The total free arachidonic acid level for the DMSO control represents 52.9 ng of arachidonic acid per 5 Â 10 7 platelets. Values are statistically different from DMSO control (*P , 0.05) as determined by one-way analysis of variance followed by Dunnett's multiple comparisons test. Fig. 6 . Free radical scavenging activity. The free radical scavenging capacity of test compounds was assessed using DPPH as a stable free radical. Samples were mixed with the stable DPPH in ethanol. Test compounds at indicated concentrations were added to the DPPH solution and solutions were held in the dark for 30 minutes at room temperature. Absorbance was subsequently measured at 517 nm. The free radical scavenging activity was expressed in terms of percentage of inhibition of the DPPH absorbance. Values represent the mean 6 S.D. of three independent experiments, each performed in triplicate. Fig. 4 . Inhibition of COX-1 product biosynthesis in platelets. Human platelets were isolated from blood and preincubated with the indicated compounds at 37°C for 5 minutes for dose-response experiments. Cells were then stimulated with thrombin (0.5 U/ml) and arachidonic acid (10 mM) at 37°C for 15 minutes. RP-HPLC quantification of the COX-1 product, 12-HHT, was performed as previously described (Boudreau et al., 2017) . Results are expressed as the mean 6 S.D. of three independent experiments, each performed in duplicate.
of CAPE (compound 5) with Ser510, but no hydrogen bonds with Arg426 or p-p interactions were detected. While most tested molecules were within reach of interaction with the iron atom, requiring a small shift, only baicalein (compound 1) had the characteristic of directly interacting with the iron atom. They also took very similar poses, almost superimposing with each other (root-mean-square deviation 5 0.42).
Most ligands generally seemed to interact similarly across the various proteins. This may help confirm that the soybean 15-LO-B (PDB: 1N8Q) crystal may be helpful in studying human 12-LO until a better crystal is available. One major exception was again compound 6 with 15-LO (PDB ID: 2P0M). Compound 6 was outside the active site, positioning itself outside the cavity.
Inhibition of 5-Lipoxygenase Product Biosynthesis. Having identified compound 6 as a modulator of the 12-LO's ability to convert arachidonic acid into 12(S)-HETE, we then sought to further evaluate the compound's selectivity by investigating its capacity to inhibit the 5-LO pathway in stably transfected HEK293 cells and human PMNLs. Compounds CAPE (compound 5) and zileuton were used as reference molecules since both are potent 5-LO inhibitors (Liu et al., 1996; Boudreau et al., 2012; Hofmann and Steinhilber, 2013) . Stably transfected HEK293 were first preincubated in the presence of the indicated compounds at 1 mM prior to stimulation. Compounds 6, quercetin (compound 3), baicalein (compound 1), CAPE (compound 5), and zileuton significantly inhibited product biosynthesis when compared with the vehicle (DMSO, Fig. 7 ). While compound 6 inhibited 5-LO product biosynthesis in HEK293 cells, its inhibitory activity was less potent than that of the reference compounds CAPE (compound 5) and zileuton.
We also investigated our compounds' potency in a more physiologic environment. Using human PMNLs, we found that 5-LO product biosynthesis was inhibited by compounds zileuton, baicalein (compound 1), quercetin (compound 3), and compound 6 with IC 50 values of 2.07, 11, 2.96, and 2.83 mM, respectively ( Fig. 8; Table 6 ).
High-Resolution Respirometry in Platelets.
Having demonstrated that compound 6 is an inhibitor of the 12-LO pathway, we investigated whether our compounds had offtarget effects on normal cellular functions. In the first series of experiments, we investigated whether the compounds affected the overall cellular respiration, i.e., mitochondrial oxygen consumption during different conditions such as the Basal respiration, leak respiration, and maximal ETS capacity (see Supplemental Fig. 1) . The different respiration rates of platelets exposed to DMSO (control) or to the five compounds of interest are represented in Fig. 9 . Respiration rates (basal, leak, and ETS capacity) were not affected by treatments with the indicated compounds ( Fig. 9 ). However, it is interesting to underline that DMSO and quercetin (compound 3) had the same effect on the mitochondrial respiration of platelets, displaying very similar values (mean difference: 0.012; 95% CI: 20.41 to 0.43; adjusted P . 0.999). Having demonstrated that our compounds did not affect the respiratory phenotype of the cell, we investigated whether the same compounds could modulate P-selectin (CD62P) surface expression, a typical marker of platelet activation (Murakami et al., 1996) . As shown in Fig. 10 , the test compounds had no effect on P-selectin surface expression when compared with control (0.1% DMSO). These results suggest that our tested compounds did not affect the degree of platelet activation.
Discussion
The eicosanoid 12(S)-HETE, generated via the 12-LO pathway, remains one of the most underappreciated lipid mediators of inflammation (Porro et al., 2014) . As a proinflammatory lipid mediator, 12(S)-HETE has been shown to promote vasodilation (Faraci et al., 2001) and promote cell-derived microvesicle internalization in PMNLs (Duchez et al., 2015) . In addition, 12(S)-HETE actively participates in several types of inflammatory diseases including cancer (Ding et al., 2001; Nguyen et al., 2016) , atherosclerosis (Cyrus et al., 1999) , and arthritis (Duchez et al., 2015) . Among the compounds that have generated interest in the field of eicosanoid regulation, which includes 12(S)-HETE, are the naturally occurring polyphenols including the flavonoids, a class of bioactive plant compounds that exhibits several beneficial properties (Werz, 2007; Boudreau et al., 2012 Boudreau et al., , 2017 Macready et al., 2014) . These studies have shown that flavonoids and some newly designed structural analogs can decrease the production of inflammatory lipid mediators by inhibiting inflammatory enzyme pathways (Sekiya and Okuda, 1982; Werz, 2007; Ribeiro et al., 2015) . In the first part of this study, we examined whether the distribution of hydroxyl groups among flavones could influence their potency as 12-LO inhibitors when compared with the reference molecules baicalein (compound 1) and CAPE (compound 5). In the second part of the study, we evaluated the selectivity of the compounds by assessing their ability to interfere with the 5-LO and COX-1 pathways, also implicated in the generation of eicosanoids. Finally, we evaluated potential off-targeted effects that could be attributed to our compounds, such as mitochondrial respiration and platelet activation.
Starting with quercetin (compound 3), the most well-known hydroxyflavone and the one that demonstrated the most antiinflammatory activity, we performed acetylation and methylation of all phenolic hydroxyls to investigate the effect of better bioavailability/stability (Fig. 2) . Bioavailability-and stabilityimproving ester prodrugs have already been developed for many drugs with phenolic hydroxyls (Boudreau et al., 2012 (Boudreau et al., , 2017 Allain et al., 2015) , as has been demonstrated for compound 6 (Israel et al., 1993; Sud'ina et al., 1993; Boudreau et al., 2012) . However, the effects of acetylation and methylation on our selected enzymes had not been previously investigated. Therefore, the goal of this study was to evaluate and characterize newly synthetized compounds as novel 12-LO inhibitors with superior selectivity than the current reference molecules used by researchers in the field.
First, we evaluated the capacity of our compounds to inhibit the 12-LO pathway in freshly isolated human platelets. Exogenous arachidonic acid was added to eliminate the constraint that our compounds could interfere with its release from the cell's membrane via phospholipase A 2 , thus preventing a critical step in the bioavailability of the 12-LO substrate (Rossi et al., 2010; Boudreau et al., 2012; Meirer et al., 2014) . Using baicalein (compound 1) and CAPE (compound 5) in our experimental approach as reference inhibitors of the 12-LO pathway (Deschamps et al., 2006; Boudreau et al., 2017) , we found that quercetin (compound 3) and compound 6 were the only compounds capable of inhibiting the 12-LO pathway in human platelets with potency similar to that of the reference Fig. 7 . Inhibitory effect of the compounds on 5-LO product biosynthesis in HEK293 cells. Stably transfected HEK293 cells expressing both 5-LO and 5-LO activating protein were preincubated with the indicated inhibitors for 5 minutes at 37°C prior to stimulation with 10 mM calcium ionophore A23187 and 40 mM arachidonic acid for another 15 minutes at 37°C. RP-HPLC quantification of 5-LO products [leukotriene B 4 (LTB 4 ), 6-trans LTB 4 , 6-trans-12-epi LTB 4 , and 5-HETE] was performed as previously described (Boudreau et al., 2011; Allain et al., 2015) . Results are expressed as the mean 6 S.D. of three independent experiments. Values that do not have a common superscript are statistically different (P , 0.05) as determined by one-way analysis of variance followed by Tukey's multiple comparisons test. Fig. 8 . Impact of selected compounds on 5-LO product synthesis by isolated human PMNLs. Prewarmed human PMNLs isolated from peripheral blood were preincubated with the specific compounds at the indicated concentrations for 5 minutes at 37°C. Then, 5-LO product biosynthesis was initiated by stimulating PMNLs for 15 minutes with 1 mM thapsigargin and 10 mM arachidonic acid. 5-LO products [leukotriene B 4 (LTB 4 ), 6-trans LTB 4 , 6-trans-12-epi LTB 4 , 20-hydroxy-LTB 4 , 20-carboxy-LTB 4 , and 5-HETE] were quantified using RP-HPLC as previously described (Boudreau et al., 2011; Allain et al., 2015) . Results are expressed as the mean 6 S.D. of four independent experiments each performed in duplicate. Fig. 9 . Respiration states and ratio of platelets coincubated with DMSO (control) or the indicated compounds. No significant differences were detected between treatments with compounds, as determined by one-way analysis of variance followed by Tukey's multiple comparison tests. Values are the mean 6 S.D. of at least three independent experiments each performed in duplicate.
molecules at the tested concentration of 1 mM. However, none of the compounds tested, including our reference molecules baicalein (compound 1) and CAPE (compound 5) were significantly better inhibitors of the 12-LO pathway when we performed dose-response experiments. While this may suggest that none of our tested compounds are better in vitro than the reference molecules, other characterization parameters should be considered, such as inflammation pathway selectivity and offtarget effects affecting normal cell functions, before coming to a conclusion regarding the potential of these compounds.
Having established that quercetin (compound 3) and compound 6 were the only compounds capable of inhibiting the 12-LO pathway in vitro, we decided to pursue further characterization of their mechanism of action and their potential interference with the enzyme. In addition to the 12-LO enzyme, which converts arachidonic acid into 12(S)-HETE, platelets also constitutively express COX-1, which is the pathway responsible for the conversion of arachidonic acid into thromboxane A 2 and 12-HHT (Narumiya, 2003) . Using 12-HHT, which is generated in equimolar quantities with thromboxane A 2 , we found that fully acetylated compound 6 slightly inhibited the COX-1 pathway in human platelets. In contrast, baicalein (compound 1), quercetin (compound 3), and CAPE (compound 5) all exhibited some level of inhibition of 12-HHT biosynthesis. These results suggest that compound 6 demonstrates a selectivity for the 12-LO enzyme in human platelets. Therefore, normal platelet functions such as aggregation and adherence, which are critical for the reduction of blood loss due to vascular injuries, should not be affected by compound 6.
In addition, we investigated the compounds' abilities to inhibit another lipoxygenase pathway, that of 5-LO. The 5-LO enzyme is responsible for the conversion of arachidonic acid into leukotrienes, which are potent bioactive molecules necessary for host defense but also play an important role in chronic inflammation (Peters-Golden and Henderson, 2007) . The 5-LO enzyme is primarily expressed in myeloid cells, including granulocytes, B cells, and mast cells, while platelets do not express the enzyme. Since leukotrienes are key mediators in inflammatory diseases, it is not surprising that the 5-LO pathway has been the subject of numerous therapeutic approaches in recent years Hofmann and Steinhilber, 2013) . In contrast to 12-LO, 5-LO has been the subject of several therapeutic approaches for years (Hofmann and Steinhilber, 2013; Steinhilber and Hofmann, 2014) , which resulted in the development of zileuton (Zyflo), the only clinically approved 5-LO inhibitor (Israel et al., 1993; Nelson et al., 2007) . Most flavonoids that display inhibitory properties for the 5-LO enzyme also exhibit some degree of 12-LO inhibition (Altavilla et al., 2012; Ribeiro et al., 2014) . However, the development of new inhibitors that exhibit selectivity for one or the other enzymes, allowing the inhibition of one inflammatory pathway at a time, has been the focus of some research Hofmann and Steinhilber, 2013) . To evaluate the affinity of our compounds for the 5-LO pathway, we used HEK293 cells stably transfected with the necessary machinery to convert arachidonic acid into leukotrienes (Boudreau et al., 2012 (Boudreau et al., , 2017 Allain et al., 2015) . While compound 6 slightly inhibited the production of leukotrienes, its potency was significantly lower than that of CAPE (compound 5) and zileuton, both wellknown direct inhibitors of the 5-LO enzyme (Israel et al., 1993; Sud'ina et al., 1993; Boudreau et al., 2012) . When investigating potential inhibitors of the 5-LO pathway, we usually aim for compounds that have similar or better potency than CAPE (compound 5) (Boudreau et al., 2012 (Boudreau et al., , 2017 in regard to their ability to decrease leukotriene production (Boudreau et al., 2012 (Boudreau et al., , 2017 . However, in human PMNL assays, compound 6 inhibited 5-LO product biosynthesis in the same line as zileuton. While compound 6 remains a more selective inhibitor of the 12-LO pathway in platelets, it would be worth exploring its role as a potential dual lipoxygenase inhibitor in future studies.
In the next series of experiments, we evaluated several mechanisms by which compound 6 could prevent the biosynthesis of platelet-derived 12(S)-HETE. While baicalein (compound 1) and quercetin (compound 3) demonstrated potent free radical scavenger activity in the same range as the well-known antioxidant ascorbic acid, the fully acetylated compound 6 was unable to scavenge the free radical DPPH. These results demonstrate that compound 6 does not interfere with 12(S)-HETE by preventing the oxygenation of the 12th carbon on arachidonic acid, and we therefore investigated another potential interfering mechanism.
Using molecular docking with soybean 15-LO (PDB: 1N8Q), CAPE (compound 5) exhibits properties that make it a great candidate for inhibition of the lipoxygenase family. Indeed, it had consistently good affinity scores, and makes consistent interactions with different oxygenase proteins. From this analysis, it was found that His518 and Phe576 may help the tested molecules position and stabilize themselves near the catalytic iron. More specifically, His518 is one of the residues coordinating the iron atom. This means that an interaction with this residue will certainly be helpful in bringing the ligand closer and possibly within the range for interaction with the iron atom.
Of the tested molecules, baicalein (compound 1) made the most important interactions. It interacted directly with the iron atom (Fig. 11) , and with conveniently placed p-p interactions baicalein (compound 1) appeared to be a wellsuited candidate for the inhibition of 12-LO. The other three molecules, while not directly interacting with the iron atom, placed themselves within reach of interaction. Fig. 10 . Percentages of CD62P-selectin expression following flow cytometry analysis on freshly isolated platelets following coincubation with the tested compounds. Platelets in the presence of DMSO and thrombine (as a positive control for platelet activation) were significantly different compared with other compounds as determined by one-way analysis of variance followed by Tukey's multiple comparison tests. Values are the mean 6 S.D. from four independent experiments (****P , 0.001).
Flavonoids Suppress the Platelet 12-LO Pathway
Due to compound 6's larger size, it seems to be favored by larger and more open active site cavities. Compound 6 may be too large to fit inside the smaller cavities or it may generate too many bad interactions inside the smaller cavities such as in 1N8Q. Care should be taken with the results of compound 6 in 3D3L since the crystal structure is missing residues. A complete crystal structure of the human 12-LO may reduce the size of the active site cavity; thus compound 6's affinity would also potentially decrease.
Finally, we investigated potential off-target effects of our compounds. Since platelets are anucleate cells, typical propidium iodide and annexin-V labeling cannot be performed to evaluate the cell's viability. Therefore, we investigated the modulatory effects of our compounds on the platelet's mitochondrial respiration by a high-resolution respirometry assay as previously reported Bynum et al., 2016) . All of the compounds tested, including compound 6, did not significantly modulate the mitochondrial oxygen consumption of the platelets when compared with the vehicle (DMSO), nor did it affect the ETS coupling efficiency.
Eicosanoids are important mediators of the inflammatory response. While this response is necessary for the host defense against pathogens, eicosanoids have been associated with several types of chronic inflammatory diseases. Hence, enzymes implicated in the production of eicosanoids have been strategically targeted for potential therapeutic approaches for years. Our results strongly suggest that compound 6 might be a better alternative to baicalein as a 12-LO inhibitor reference molecule. In addition, we provide insight into the fundamental mechanism by which compound 6 acts as an inhibitor of the 12-LO pathway (Fig. 12) , a neglected enzyme in inflammatory diseases. While several characterizations of the compound's ability to inhibit the production of 12(S)-HETE have been performed in this study, future pharmacokinetics investigations should provide critical information on the compound's potential as a novel therapeutic drug for inflammatory diseases. The development of new and potent 12-LO inhibitory compounds may serve as novel therapeutic approaches in several inflammatory diseases in which 12(S)-HETE is abundantly present (Porro et al., 2014; Duchez et al., 2015; Ehses and Donath, 2015; Hong et al., 2015) .
